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Mutations in CTC1 lead to the telomere syndromes Coats Plus and dyskeratosis congenita (DC), but the 
molecular mechanisms involved remain unknown. CTC1 forms with STN1 and TEN1 a trimeric complex termed 
CST, which binds ssDNA, promotes telomere DNA synthesis, and inhibits telomerase-mediated telomere 
elongation. Here we identify CTC1 disease mutations that disrupt CST complex formation, the physical 
interaction with DNA polymerase cx-primase (polot-primase), telomeric ssDNA binding in vitro, accumulation in 
the nucleus, and/or telomere association in vivo. While having diverse molecular defects, CTC1 mutations 
commonly lead to the accumulation of internal single-stranded gaps of telomeric DNA, suggesting telomere DNA 
replication defects as a primary cause of the disease. Strikingly, mutations in CTC1 may also unleash telomerase 
repression and telomere length control. Hence, the telomere defect initiated by CTC1 mutations is distinct from 
the telomerase insufficiencies seen in classical forms of telomere syndromes, which cause short telomeres due to 
reduced maintenance of distal telomeric ends by telomerase. Our analysis provides molecular evidence that CST 
collaborates with DNA pola-primase to promote faithful telomere DNA replication. 
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Telomeres are specialized heterochromatin structures at 
the ends of linear chromosomes and are essential for 
genome stability by preventing chromosome fusion and 
degradation (de Lange 2009; Jain and Cooper 2010). In 
mammals, telomeric DNA consists of long segments of 
tandem (TTAGGG) repeat duplexes with a short single- 
stranded G-rich 3' overhang. Telomeric DNA is coated 
with shelterin proteins, which comprise TRF1, TRF2, RAP1, 
TIN2, TPP1, and POT1 (de Lange 2009). The length of 
telomeres determines the protective state and the cellu- 
lar life span. Progressive telomere shortening occurs in 
somatic cells due to incomplete replication of chromo- 
some ends by conventional DNA polymerases and nucleo- 
lytic processing. Telomerase, a ribonucleoprotein complex 
with reverse transcriptase activity, lengthens telomeres 
by adding telomere repeats to their 3' termini, which is 
essential for telomere length maintenance in germ cells and 
stem cells (Nandakumar and Cech 2013). The telomere 
G-rich sequence, with its repetitive nature, can fold into 
ssDNA secondary structures such as G-quadruplex struc- 
tures, which are believed to obstruct efficient telomere 
DNA replication (Bochman et al. 2012; Vannier et al. 2012). 
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CST is a conserved trimeric complex composed of 
CTC1, STN1, and TEN1. Mammalian CST has been shown 
to associate with telomeres and is implicated in multiple 
steps of telomere replication (Miyake et al. 2009; Surovtseva 
et al. 2009; Chen et al. 2012; Gu et al. 2012; Huang et al. 
2012,- Stewart et al. 2012; Wu et al. 2012). Disrupting CST in 
human and mouse cells affects telomere duplex replication 
and telomere 3' overhang generation. Biochemically, CST 
was demonstrated to associate with DNA polymerase 
a-primase (pola-primase) and to be able to stimulate the 
enzymatic activity of DNA pola-primase (Casteel et al. 
2009; Nakaoka et al. 2012). However, studies with cells 
depleted for CST and with mice deleted for CTC1 suggest 
that CST may be dispensable for general DNA replication 
(Gu et al. 2012; Stewart et al. 2012). Mechanistically, it 
remains to be elucidated how CST cooperates with DNA 
pola-primase for telomere replication. Apart from its 
functions in semiconservative DNA replication of telo- 
meres, CST plays a role in constraining telomerase 
activity for telomere length homeostasis in cancer cells 
(Chen et al. 2012). CST associates with and sequesters 
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telomeric 3' overhangs after their elongation by telome- 
rase, thus limiting telomere extension by telomerase. 

Recently, mutations in CTC1 were found to cause 
Coats Plus, dyskeratosis congenita (DC), and related bone 
marrow failure syndromes (Anderson et al. 2012; Keller 
et al. 2012; Polvi et al. 2012; Walne et al. 2013). Affected 
individuals carry biallelic CTC1 mutations, which in- 
clude point mutations and more severe mutations that 
presumably lead to a complete loss of function (Supple- 
mental Table SI ). Coats Plus is a rare autosomal recessive 
neurological disorder where patients develop cranial cal- 
cifications and cysts (Anderson et al. 2012; Polvi et al. 

2012) . Significantly, Coats Plus patients also develop fea- 
tures seen with the short telomere syndrome DC, instigated 
by telomerase defects, such as premature hair graying, 
anemia, and osteoporosis (Keller et al. 2012; Walne et al. 

2013) . Lymphocyte telomere length in CTC1 mutant in- 
dividuals was reported to be short in two studies (Anderson 
et al. 2012; Keller et al. 2012), but this was not seen in two 
other reports (Polvi et al. 2012; Walne et al. 2013). Thus, the 
putative telomere dysfunctions in these patients may not 
be directly associated with overall telomere length loss 
seen in typical telomere syndromes caused by telomerase 
deficiencies (Armanios and Blackburn 2012) but instead 
might relate to other structural defects of telomeres. Here, 
we characterize the molecular defects of disease-causing 
CTC1 and uncover that these mutations give rise to a 
common telomeric replication defect. 

Results 

To elucidate the molecular defects caused by CTC1 
mutations at telomeres, we generated 11 mutations in 
human CTC1 cDNA that were reported in Coats Plus/ 
DC patients to produce CTC1 polypeptides carrying point 
mutations or small deletions (Fig. 1 A; Anderson et al. 2012; 
Keller et al. 2012; Polvi et al. 2012; Walne et al. 2013). 
CTC1 forms the CST complex with STN1 and TEN1 
through a direct physical interaction with STN1. To assess 
the interaction between CTC1 and STN1, V5-tagged STN1 
(STN5-V5) and wild-type or mutant Flag-tagged CTC1 
(CTCl-Flag) were coexpressed upon transient transfection 
in HEK293T cells. Association of STN1-V5 with CTCl- 
Flag was detected upon immunoprecipitation with anti- 
Flag antibodies (Fig. IB). The C-terminal disease mutations 
CTC1-L1142H and CTC1-1196-A7 (deletion of amino 
acid residues 1196-1202) disrupted the ability of CTC1 
to bind to STN1. This is consistent with our previous 
finding that the C-terminal region of CTC1 mediates 
STN1 interaction (Chen et al. 2012; Chen and Lingner 
2013). Coexpression of TEN1 with CTCl-Flag and STN1 
partially rescued CST complex formation of CTC1- 
L1142H but not CTC1-1196-A7 (Fig. 1C ; Supplemental 
Fig. SI A). Therefore, CTC1 assembly into the CST com- 
plex involves critical residues of the CTC1 C terminus 
that promote interactions with STN1. The enhancement 
of the CTC1-STN1 interaction by TEN1 concurred with 
a stabilization of the STN1 and TEN1 polypeptides upon 
concomitant expression of the two factors (Supplemental 
Fig. SI A). 



CTC1 and STN1 are thought to contribute to semicon- 
servative DNA replication of telomeric DNA (Gu et al. 
2012; Huang et al. 2012; Stewart et al. 2012). They were 
shown to associate with DNA pola-primase and increase 
the affinity of DNA pola-primase for template DNA 
(Casteel et al. 2009). We therefore assessed by coimmu- 
noprecipitation (co-IP) the physical interaction of CTCl- 
Flag with the catalytic subunit PolAl of DNA pola and 
the regulatory subunit PRIM2A of DNA primase in HEK293T 
cells in which STN1 and TEN1 were coexpressed (Fig. ID). 
Three CTC1 point mutations (A227V, V259M, and V665G) 
abolished association with endogenous DNA pola-primase. 
A227 and V259 are part of the most N-terminal of three 
putative OB (oligonucleotide/oligosaccharide-binding) 
folds in CTC1, whereas V665 resides in an unrecognized 
domain of CTC1. In addition, the CST complex-defective 
CTC1-1196-A7 was unable to interact with DNA pola- 
primase. For CTC1-L1142H, the interaction with DNA 
pola-primase occurred only upon CST complex formation, 
which was dependent on ectopic coexpression of STN1 
and TEN1 (cf. Fig. ID and Supplemental Fig. SIB). Together, 
these data suggest that the physical contacts of both CTC1 
and STN1/TEN1 with DNA pola-primase contribute to 
a stable association of CST with DNA pola-primase. CST 
was also known to physically interact with the shelterin 
components POT1-TPP1 (Wan et al. 2009; Chen et al. 
2012; Wu et al. 2012), but none of the CTC1 mutations 
tested here abolished the interaction with TPP1 or POT1 
as measured in co-IP experiments (Supplemental Fig. S2). 

CST binds with preference to the G-rich telomeric 
ssDNA (Chen et al. 2012). Therefore, we expressed and 
partially purified wild-type and mutant CST complexes 
upon transient transfection in HEK293T cells (Fig. 1C) for 
electromobility shift assays (EMSAs) with the telomeric 
G-strand oligonucleotide (TTAGGG) 3 (Fig. IE). EMSA 
with two different concentrations of CST revealed defects 
in telomeric ssDNA binding of CTC1-V665G, CTC1- 
R975G, CTC1-C985A, CTC1-R987W, and CTC1-1196- 
A7. DNA binding by CTC1-L1142H was also reduced. 
Therefore, in vitro binding of CST with telomeric G-strand 
ssDNA relies on critical residues comprising the most C- 
terminal 230 amino acids of CTC1. Defects in ssDNA 
binding of CTC1-L1142 and CTC1-1197-A7, which also 
show diminished ability of STN1 interaction, are consis- 
tent with our previous study that CTC1 on its own does 
not bind ssDNA (Chen et al. 2012). These data support 
the notion that forming a trimeric complex is crucial for 
high-affinity binding of telomeric G-rich ssDNA by CST. 

To test whether the disease mutations affect CTC1 
telomere association and cellular localization, we stably 
expressed myc-tagged CTC1 in HT1080 cells (Fig. 2A). 
Telomere association was measured by chromatin immu- 
noprecipitation (ChIP) using anti-myc antibodies (Fig. 2B- 
E). We found that the telomere association in vivo required 
critical residues in the N-terminal and central part of the 
CTC1 polypeptide (A227, V259, and V665) interfacing the 
interaction with DNA pola-primase and also an intact C 
terminus mediating ssDNA binding and CST complex 
formation. This result suggests that telomere association 
in vivo depends on the formation of a trimeric CST 
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Figure 1. CTC1 disease mutations cause various defects in molecular interactions. (A) Summary of characterized mutations in CTC1. 
The C-terminal STN1 -TEN 1 -interacting domain and putative oligonucleotide/oligosaccharide binding (OB) folds in CTC1 are 
indicated. [B] Identification of mutations affecting STN1 interaction. STN1-V5 and wild-type or mutant CTCl-Flag were transiently 
coexpressed in 293T cells. Co-IP was done with anti-Flag antibodies followed by Western blot analysis for CTCl-Flag and STN1-V5 
using anti-Flag and anti-V5 antibodies, respectively. [C,D). Identification of mutations affecting CST complex formation and DNA pola- 
primase interaction. STN1, TEN 1 -His, and wild-type or mutant CTCl-Flag were transiently coexpressed for co-IP as described in B, 
followed by Western blot analyses using anti-STNl, anti-his tag, and anti-Flag antibodies in C and using anti-PolAl and anti-Prim2A 
antibodies in D. (E) Identification of mutations affecting telomeric G-strand ssDNA binding. Wild-type and CTC1 mutant CST 
complexes were purified from 293T cells transiently expressing CTCl-Flag, STN1, and TEN 1 -His as described in the Materials and 
Methods. Binding of 5x or lx CST to 0.1 nM (TTAGGG)3 was analyzed by EMSA on agarose gels. The purified CST was analyzed by 
the Western blot in B. 



complex that is both proficient in telomeric ssDNA 
binding and interacting with DNA pola-primase. Con- 
sistently, an additive defect in telomere association was 
seen when combining CTC1 mutations that affected 
ssDNA binding with mutations that reduced the interac- 
tion with DNA pola-primase (Fig. 2D,E). Intriguingly, the 
G503R CTC1 disease mutant showed the functional mo- 
lecular activities examined above except telomere associa- 
tion. This suggests that residue G503 of CTC1 defines an 
unexplored molecular interaction or post-translational 
modification required for CST association with telo- 
meres. TRF1 association with telomeres was not affected 
by expression of mutant CTC1, as determined in ChIP 
experiments (Supplemental Fig. S3). By immunofluores- 
cence, we also detected colocalization of myc-tagged CTC1 
with the telomeric RAP1 protein upon pre-extraction of 
nuclei with detergent-containing buffer (Supplemental 



Fig. S4), although this assay did not allow consistent 
quantification. 

Immunofluorescence staining using anti-myc anti- 
bodies without pre-extraction allowed the predominant 
detection of wild- type CTCl-myc protein in the nucleus 
(Fig. 3A). In contrast, mutations of residues A227, V259, 
R987, and LI 142 and the C-terminal deletion of CTC1 
caused a remarkable reduction of the proteins in the 
nucleus and accumulation in the cytoplasm (Fig. 3B). 
Cellular fractionation studies confirmed the reduced pres- 
ence of the above mutants in the nuclear fraction, which, as 
expected, was enriched for the nuclear protein hnRNPAl 
and depleted from the cytoplasmic tubulin (Fig. 3C). As 
expected, mutants with reduced nuclear localization were 
also defective in telomere association as described above, 
providing an additional explanation for their impairment 
in telomere binding. 
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Figure 2. CTC1 disease mutations perturb telomere localization. (A) HT1080 cells stably expressing the wild-type (WT) or mutant 
myc-tagged CTC1. The expression levels of CTCl-myc and a-tubulin (loading control) were analyzed on Western blots using anti-myc 
and anti-tubulin antibodies. [B-E] Identification of mutations affecting telomere association. The indicated cells were fixed by 
formaldehyde and subjected to ChIP using anti-myc antibodies followed by dot blot analysis using a (CCCTAA) n probe. The signals of 
telomeric DNA in ChIP were quantified and normalized to the corresponding total telomeric signal (Input) and plotted against wild- 
type CTCl-myc in C and E (mean ± SD ; n = 4 ; Student's t-test with respect to V871M: [*] P < 0.05; [**] P < 0.01). 



CST has been implicated in the replication of the bulk 
of telomeric DNA and in C-strand fill-in synthesis upon 
telomere elongation by telomerase (Huang et al. 2012; 
Wang et al. 2012; Wu et al. 2012). To measure possible 
defects of CTC1 disease mutations in the maintenance 
of telomeric DNA, we expressed wild-type and mutant 
CTC1 from a retroviral long terminal repeat (LTR) pro- 
moter upon retroviral transduction in telomerase-positive 
HT1080 cells. The presence of telomeric G-rich ssDNA 
was detected by in-gel hybridization of restriction en- 
zyme-digested nondenatured DNA that was fractionated 
on agarose gels (Fig. 4A). The same assay was previously 
employed to detect single-stranded G-rich 3' overhangs 
and internal single-stranded G-rich DNA that accumu- 
lates in CTC1 and STN1 -deficient cells (Miyake et al. 
2009; Surovtseva et al. 2009; Huang et al. 2012; Wu et al. 
2012). In vector control or wild- type CTC1 -expressing 
cells, most of the telomeric ssDNA signal was abol- 
ished upon prior treatment with saturating amounts of 
Escherichia coli exonuclease I (Exo I) (Fig. 4 ; Supplemental 
Fig. S5). Since Exo I digests 3' overhangs, this indicates that 
most single-stranded G-rich telomeric sequences were 
present as terminal 3' overhangs, as expected (McElligott 
and Wellinger 1997). However, the fraction of Exo I-resistant 
ssDNA signals of G-rich telomere sequences increased in 
CTC1 disease mutant-expressing cells (Fig. 4A,B ; Supple- 
mental Fig. S5), uncovering that CTC1 disease mutations 
lead to accumulation of internal stretches of telomeric 



DNA, presumably during lagging strand synthesis, which 
highlights the importance of the functional interaction 
between CST and DNA pola-primase described above. This 
result therefore suggests that disease-associated CTC1 
mutations cause defects in semiconservative DNA replica- 
tion of telomeric DNA. Cell cycle distribution analysis by 
flow cytometry did not reveal significant perturbations in 
cell cycle progression for the expressions of CTC1 mutants 
compared with the wild- type CTC1 (Supplemental Fig. S6). 
ChIP experiments with antibodies against the DNA 
damage marker 7-H2AX did not reveal a telomeric DNA 
damage response in CTC1 mutant-expressing cells, whereas 
checkpoint activation occurred as expected upon depletion 
of the shelterin component TPP1 (Supplemental Fig. S3). 
This therefore indicates that the internal G-rich DNA that 
accumulates in CTC1 mutant-expressing cells does not 
elicit strong checkpoint activation. Notably, STN1 deple- 
tion also did not elicit a telomeric DNA damage response in 
a previous study (Miyake et al. 2009). Expression of the two 
C-terminal mutant CTC1 polypeptides (L1124H and 1196- 
A7) did not show defects in telomeric DNA replication in 
Figure 4. These C-terminal mutations disrupt CST complex 
formation and cause multiple functional defects (Table 1). 
Thus, we suspect that they represent null mutations that, 
in contrast to the other tested CTC1 mutations, could not 
interfere with the function of endogenous CTC1. 

Since CST constrains telomerase activity to limit 
telomere lengthening, we also carried out telomere re- 
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Figure 3. CTC1 disease mutations affect intracellular localization. [A,B] HT1080 cells stably expressing wild- type (WT) or mutant 
myc-tagged CTC1 were subjected to immunofluorescence staining using anti-myc (red) antibody. Staining of cellular DNA with 4', 6'- 
diamidino-2-phenylindole (DAPI) (blue) allowed visualization of the nuclei. (C) HT1080 cells stably expressing vector, wild-type (WT), 
or mutant myc-tagged CTC1 were subjected to cellular fractionation. Anti-myc, anti-tubulin, and anti-hnRNPAl antibodies were used 
in Western blots. Relative nuclear distributions of CTCl-myc were determined by quantification of the signals and normalization to total 
CTCl-myc levels. Tubulin and hnRNPAl were used as loading controls and served as cytoplasmic and nuclear markers, respectively. 



striction fragment analysis to determine whether expres- 
sion of CTC1 disease mutants affects telomere length 
(Fig. 5A). We stably transduced HT1080 cells with the 
retroviral CTCl-myc constructs and collected the cells 
29 d post-transduction. During the period in culture, all 
HT1080 lines showed a similar growth rate. Cells express- 
ing wild-type or several of the mutant CTC1 polypeptides 
had the same telomere length as vector control cells. 
However, expression of CTC1-A227V, CTC1-V259M, 
CTC1-G503R, and CTC1-V665G resulted in telomere elon- 
gation, which is a phenotype observed when telomerase 
regulation is disrupted upon CST dysfunction (Chen et al. 



2012). Telomerase enzymatic activity was not affected in 
vitro, as determined in a telomeric repeat amplification 
protocol (TRAP) assay (Supplemental Fig. S7). While causing 
replication defects of telomeric DNA, expression of CTC- 
R840W, CTC-V871M, CTC-R975G, CTC-C985A, and 
CTC-R987W did not lead to notable telomere length 
changes. However, we suspected that telomerase activity 
at chromosome ends was elevated in the HT1080 cells 
expressing CTC1 mutants to compensate for the telo- 
mere loss events that may ensue at a subset of chromo- 
some ends with telomere replication defects. To test this 
notion more directly, we analyzed telomere maintenance 
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Figure 4. CTC1 disease mutations affect telomere replication. 
[A,B) Identification of mutations affecting telomeric DNA repli- 
cation. Genomic DNA extracted from the indicated HT1080 cells 
was treated with or without Exo I for telomeric G-rich ssDNA 
detection by native in-gel hybridization using a (CCCTAA) n 
probe. Alu DNA (loading control) was detected after denatur- 
ation and hybridization to an Alu probe. The signals of total 
and internal (Exo I-insensitive) telomeric G-rich ssDNA were 
quantified and normalized to the corresponding Alu DNA 
signal and plotted against mock expression in B (mean ± SD; 
n = 3; Student's £-test with respect to wild type: [*] P < 0.05; 
[**]P<0.01). 



at single chromosome ends in metaphase chromosomes 
by fluorescent in situ hybridization (FISH) using telo- 
mere-specific probes (Fig. 5B,C). Empty vector, wild- type 
CTC1, or CTC1-V259M retroviral constructs were trans- 
duced into HT1080 cells, selected for 3 d, and then treated 
or not treated for three additional days with the telome- 
rase inhibitor BIBR1532 (Damm et al. 2001). Partial or 
complete telomere loss events occurred at chromosomes 
in vector and CTC1 wild- type-expressing cells at a fre- 
quency of 2.5% and 2.8%. Telomere loss events increased 
to 7.5% (P < 0.005) in CTCl-V259M-expressing cells. 
Furthermore, the telomere loss frequency nearly doubled 
to 13.1% (P < 0.005) in CTCl-V259M-expressing cells 



upon treatment with BIBR1532 for 3 d. This therefore 
indicates that telomerase efficiently counteracts the sto- 
chastic telomere loss events that occur in cells expressing 
CTC1-V259M. CTC1 loss is also known to lead to fragile 
telomeres, which are characterized by the presence of 
multiple telomeric signals instead of one signal per chro- 
mosome end (Stewart et al. 2012). However, this pheno- 
type was reported for a HeLa cell clone that carries 
unusually long telomeres (>20 kb), and the telomeres of 
the HT1080 cells analyzed here were probably too short to 
detect such events. 

Discussion 

Our analysis of disease mutant CTC1 polypeptides iden- 
tifies molecular defects that underlie CST dysfunction in 
Coats Plus/DC. We identify CTC1 mutations that affect 
CST complex formation, interaction with DNA pola- 
primase, binding of telomeric ssDNA, and/or cellular local- 
ization in vivo (Table 1). Our systematic analysis also 
suggests that all of the characterized molecular interac- 
tions that were identified as defective in mutant poly- 
peptides are crucial for CST function in telomere repli- 
cation. On the other hand, most of the point mutant 
CTC1 alleles studied here may not represent true null 
alleles but instead are hypomorphic alleles. First, they all 
elicit a dominant-negative effect on telomere replication 
in CTC1 wild-type cells when able to assemble into the 
CST complex and when strongly expressed from viral 
vectors (this study). Second, the point mutant CTC1 alleles 
are often combined in patients with presumed complete 
loss-of-function alleles that contain premature stop co- 
dons and whose expression should be suppressed by the 
nonsense-mediated mRNA decay pathway (Supplemen- 
tal Table 1). Notably, however, none of the described 
patients carried two complete loss-of-function alleles, 
indicating that such a combination would be lethal. On 
the other hand, the CTC1 mutants carrying C-terminal 
mutations (L1142H and 1196-A7) exhibited primary de- 
fects in STN1 interaction and CST complex formation. 
They were also defective in telomeric ssDNA binding, 
DNA pola-primase interaction, and nuclear/telomere lo- 
calization. Intriguingly, expression of the C-terminal CTC1 
mutants did not perturb telomere replication or length 



Table 1. Summary of the molecular defects caused by CTC1 mutations 
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The predominant cellular localizations of CTC1 proteins are indicated. (N) Nuclear localization; (C) cytoplasmic localization. Asterisks 
(*) denote that CTC1 L1142H and 1196-A7 are presumably null mutants that do not cause telomere replication defects when expressed 
in the wild-type background. 
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Figure 5. CTC1 mutations affect telomerase control and telomere maintenance. (A) Identification of mutations affecting telomere length 
homeostasis. Indicated CTC1 proteins or mock-expressing HT1080 cells were collected 29 d after puromycin selection for telomere length 
analysis by terminal restriction fragment assay. (B,C) Telomere FISH analysis of HT1080 cells stably expressing vector, wild-type CTC1, or 
CTC1-V259M in the presence or absence of BIBR1532 (15 ixm, 72 h). Metaphase chromosome spreads were hybridized with a Cy3- 
(CCCTAA) 4 PNA probe (red) and stained with DAPI (blue). Representative normal and defective mitotic telomere structures upon 
expression of CTC1-V259M are shown in B. Representative metaphase chromosome spreads and quantification of chromosome aberrations 
(mean of the percentage of defective chromosomes per metaphase; n = 20-30) are shown in C. (White arrows) Telomere loss sites. 



maintenance, all of which suggests that they represent 
null mutants. Consistently, the C-terminal mutants, like 
other loss-of-function alleles, are causing disease in com- 
bination with presumed hypomorphic alleles (Supplemen- 
tal Table 1). 

The pleiotropy of the molecular defects of CTC1 point 
mutants may be unexpected. However, with the excep- 
tion of the complex formation-defective CTC1 (L1142H 
and 1196-A7), expression of all CTC1 mutants caused 
accumulation of internal stretches of telomeric G-rich 



DNA. This therefore indicates that disruption of a great 
variety of physical interactions leads to a common telo- 
mere defect manifested by incomplete lagging strand 
synthesis during telomeric DNA replication. Our analy- 
sis suggests that biogenesis of functional CTC1 involves, 
as an early step, the assembly into a complex with STN1 
and TEN1 . This may occur in the cytoplasm, as complex- 
defective CTC1 variants are cytoplasmic. Nuclear import 
or retention of CST appears to rely on complex formation 
and involve critical amino acids in the CTC1 N terminus 
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(A227 and V259). In the nucleus, telomere association 
may be reinforced by DNA pola-primase, as DNA pola- 
primase interaction mutants show reduced telomere asso- 
ciation of CTC1. As yeast CST is thought to recruit DNA 
pola-primase, it will be interesting to test whether telomere 
association-defective CTC1 also impairs the recruitment 
of DNA pola-primase. The ability to bind single-stranded 
telomeric DNA may also enhance association with telo- 
meric chromatin, but this activity does not seem neces- 
sary (C985A) or sufficient (V259M). Finally, since none of 
the mutants showed a defect in the interaction with POT1- 
TPP1, it seems that POT1-TPP1 per se is not able to recruit 
or retain CST at telomeres. 

The internal stretches of telomeric ssDNA associated 
with telomere replication defects did not elicit a detectable 
DNA damage response. However, incomplete lagging 
strand synthesis is expected to lead to rapid telomere- 
shortening events in subsequent rounds of DNA repli- 
cation if gapped C strands serve as replication tem- 
plates. In addition, telomeric G-rich ssDNA can fold into 
G-quadruplex structures that impede DNA replication and 
may cause telomere-shortening events (Paeschke et al. 
2010; Vannier et al. 2012). Consistent with this notion, 
we observed accumulation of telomere-free ends in cells 
that expressed mutant CTC1 (V259M). We therefore pro- 
pose that Coats Plus/DC -causing CTC1 mutations initiate 
telomere syndrome by affecting semiconservative replica- 
tion of telomeric DNA. 

Our data also indicate that telomerase can efficiently 
counteract the telomere loss events that occur upon 
CTC1 dysfunction. Indeed, telomerase inhibition during 
3 d nearly doubled the occurrence of telomere-free ends 
in CTC1-V259M cells. In addition, we observed that ex- 
pression of certain CTC1 mutations caused telomere 
lengthening in telomerase-positive cells, consistent with 
the inhibitory role of CST in telomerase regulation (Chen 
et al. 2012). The mutations that caused telomere elonga- 
tion all showed reduced association with telomeric DNA, 
suggesting that a reduced presence of CST at telomeres 
prevented telomerase inhibition (Chen et al. 2012). A re- 
duced interaction of mutant CST with DNA pola-primase 
may also promote telomerase, as seen in Saccharomyces 
cerevisiae mutants in which a reduced interaction between 
Cdcl3 and DNA pola gives rise to longer telomeres (Qi and 
Zakian 2000; Grossi et al. 2004). However, telomere elon- 
gation was only seen with a subset of CTC1 mutants with 
defective telomere replication, indicating that defective 
telomere replication per se does not stimulate telomere 
elongation in human cells. 

In the presence of telomerase, telomere replication de- 
fects and telomere loss events caused by CTC1 mutations 
are at least partially compensated by enhanced telomerase 
action at truncated telomeres. This suggests that, in humans, 
CTC1 mutations may differentially affect various cell 
types, depending on their telomerase status. For instance, 
somatic cells in adults that lack telomerase activity may 
be more susceptible to CTC1 mutations than stems cells 
that express significant amounts of telomerase. This may 
explain the discrepancy of telomere-shortening pheno- 
types recently reported in patients with CTC1 mutations. 



In summary, this study reveals that disease-causing CTC1 
mutations cause telomere replication defects, which cor- 
responds to a new type of telomere syndrome that is 
strikingly different from the well-characterized "classical" 
telomere syndromes, which show defects in telomerase 
biogenesis or activity. 

While this study was under review, a report was pub- 
lished on mouse CTC1 that contained the disease-associ- 
ated human CTC1 mutations at the corresponding posi- 
tions (Gu and Chang 2013). Notably, several mouse CTC1 
mutations did not fully recapitulate the defects observed 
for mutant human CTC1. For instance, the corresponding 
CTC1-G503R, CTC1-V665G, and CTC1-R840W mutations 
rendered the mouse CTC1 protein unstable. Therefore, 
an assessment of localization and molecular interaction 
defects was not possible. Furthermore, we found that 
residues A227, V259, and V665 of human CTC1 are critical 
for the physical interaction with DNA pola-primase, while 
the corresponding mutations in mouse CTC1 did not affect 
this interaction. In addition, Gu and Chang (2013) showed 
that mutations in the central part of mouse CTC1 disrupt 
interaction with STN1. However, we found that the same 
mutations in human CTC1 preserve the abilities of CTC1 
to bind STN1 and form a CST complex. Instead, the disease 
mutations at the C terminus of human CTC1, including 
L1142H and 1196-A7, prevent its interaction with STN1. 
Therefore, our analysis indicates that it is crucial to analyze 
the human CTC1 disease mutations with human CTC1 to 
decipher the defects of the disease. Our molecular and 
functional characterization of disease mutations of human 
CTC1 is a first step toward understanding the disease 
mechanisms, which may facilitate future developments of 
therapeutic interventions. 

Materials and methods 

Protein expression vectors and stable cell line generation 

cDNAs of CTC1, STN1, and TEN1 were subcloned into pEAK8 
and retroviral-based pCL vectors for mammalian expression of 
tagged or untagged proteins as indicated. CTC1 point mutations 
and CTC1 -C985A were generated by site-directed mutagenesis 
(Agilent, Inc.). For CTC1-1196-A7 (deletion of amino acid residues 
1196-1202), two overlapping cDNA fragments that skipped the 
deletion region were generated by PCR and cloned into the 
expression vectors by In-Fusion Cloning (Clontech). Stable cell 
lines were generated by viral transduction and puromycin selec- 
tion (1 (xg mL _1 |. All human cells were maintained at 37°C with 
5% C0 2 in Dulbecco's modified Eagle's medium supplemented 
with 10% FCS and penicillin/streptomycin. 

Co-IP 

Cells were lysed in NETN buffer (40 mM Tris-HCl at pH 8.0, 
100 mM NaCl, 1 mM EDTA, 0.5% NP-40) supplemented with 
protease inhibitor cocktail (Sigma) for immunoprecipitation 
with anti-Flag M2 affinity gel (Sigma) and subsequent Western 
blot analysis as previously described (Chen et al. 2012). 

Cellular fractionation 

HT1080 cells were grown in 10-cm dishes and collected by 
trypsinization. After washing with PBS, cells were partially 
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permeabilized for 3 min on ice with 60 julL of buffer A (10 mM 
HEPES at pH 7.9, 10 mM KCl, 1.5 mM MgCl 2/ 0.34 M sucrose, 
10% glycerol, 1 mM DTT) supplemented with 0.1 % Triton X-100. 
Nuclear fractions were obtained by centrifugation at 1500g for 
5 min. Cell fractionation was validated by Western blot analysis 
using tubulin and hnRNPAl as cytoplasmic and nuclear markers, 
respectively. 

CST complex purification and EMS A 

Protein expression and purification and EMSA were carried out 
as previously described (Chen et al. 2012) with minor modifica- 
tions. In brief, 293T cells in a 6-cm dish were transfected with 
2 pug of pEAK8-CTCl-Flag, 1 jxgof pEAK8-STNl, and 1 ^gof pEAK8- 
TENl-His plasmids using Lipofectamine 2000 (Invitrogen). Three 
days after transfection, cells were collected for immunoprecip- 
itation using anti-Flag M2 affinity gel, and the CST complex was 
eluted with 60 julL of NETN buffer containing 200 |xg/mL Flag 
peptide. For EMSA, 20-|xL reactions containing 1 julL of eluate 
and 4 julL of eluate buffer or 5 julL of eluate, 0.1 nM [ 32 P]-labeled 
(TTAGGG) 3 oligonucleotide, 50 nM Tris-HCl (pH 8.0), 50 mM 
NaCl, 1 mM DTT, and 5% glycerol were loaded on 2.5% agarose 
gels for electrophoresis. Gels were dried and analyzed on a Phos- 
phorlmager (FLA-3000, Fujifilm). 

ChIP 

Stable HT1080 cell lines expressing wild-type and mutant myc- 
tagged CTC1 protein were fixed with 1% formaldehyde, soni- 
cated, and subjected to analysis as previously described (Chen 
etal. 2012). 

Immunofluorescence staining 

Cells fixed with 2% paraformaldehyde were permeabilized with 
0.5% Triton X-100 for immunodetection of CTCl-myc and 
RAP1 using a-mouse anti-myc (9E10) and a-rabbit anti-RAPl 
primary antibodies (NB 100-292, Novus), respectively. After wash- 
ing with phosphate-buffered saline, secondary antibodies against 
mouse IgG conjugated with Alexa-Fluor 663 and rabbit IgG con- 
jugated with Alexa-Fluor 488 were used to recognize the primary 
antibodies for visualization. Cell nuclei were visualized by DNA 
staining with 4', 6'-diamidino-2-phenylindole (DAPI) dye. Z-stack 
images of the samples were obtained using an LSM700 confocal 
microscope (Zeiss) and processed with ImageJ software. 

Terminal restriction fragment assay and telomeric G-rich 
ssDNA detection 

Genomic DNA from HT1080 cells was extracted using the 
Wizard Genomic DNA purification kit (Promega). Genomic 
DNA (2.5 (jug) was subjected to restriction digestion with Rsal 
and Hinfl overnight at 37°C for agarose gel electrophoresis. Gels 
were dried for 1 h at 50°C, denatured with 0.8 M NaOH and 150 mM 
NaCl, and hybridized to a [ 32 P]-labeled (CCCTAA) n probe for 
detection of telomeric DNA. The radioisotope-labeled (CCCTAA) n 
probe was generated by random prime labeling in the presence of 
[a 32 P]-dCTP using telomeric repeat sequences with a size of 
—600 base pairs (bp) as template. The telomeric repeat template 
was produced by self-amplification in 28 cycles of PCR using 
(TTAGGG) 5 and (CCCTAA) 5 oligonucleotides. To detect telomeric 
G-rich ssDNA, gels were dried after electrophoresis and subjected 
to hybridization with a [ 32 P]-labeled (CCCTAA) n probe. To remove 
telomeric 3' overhang sequences, 1 |xg of genomic DNA was 
treated with 10 U of E. coli Exo I for 3 h before restriction digestion 
with Rsal and Hinfl. To detect Alu DNA, the gels were denatured 



and hybridized with a [ 32 P]-labeled 5'-GTGATCCGCCCGCCTCG 
GCCTCCC AAAGTG-3 ' probe. 

TRAP assay 

Cell extracts were prepared by cells lysis in CHAPS buffer 
(10 mM Tris-HCl at pH 7.5, 1 mM MgCl 2 , 1 mM EGTA, 0.5% 
CHAPS, 10% glycerol, 5 mM p-mercaptoethanol, protease in- 
hibitors) and centrifugation at 12,000g for 20 min. Telomerase 
reactions were performed for 30 min at 30°C and contained in 
50-|xL volumes of cell extract (0.1 |xg or 0.3 |xg), 0.1 |xg of TS 
oligonucleotide (5 '-AATCCGTCGAGCAGAGTT-3 ' ), 20 mM 
Tris-HCl (pH 8.3), 6.5 mM MgCl 2 , 63 mM KCl, 0.005% Tween 
20, 1 mM EGTA, 0.1 mg/mL BSA, 0.25-|xm dNTPs, and 0.2 julL of 
[a- 32 P]dGTP (3000 Ci/mmol). Subsequently, 0.2 U of Taq poly- 
merase and 0.1 |xg of ACX oligonucleotide (5'-GCGCGGCTT 
ACCCTTACCCTTACCTAACC-3') were added to the telome- 
rase reactions for 28 cycles of PCR (cycles of 30 sec at 94°C and 
30 sec at 60°C). TRAP reactions were separated on 12.5% poly- 
acrylamide gels and analyzed on a Phosphorlmager (FLA-3000, 
Fujifilm). 

Telomere FISH 

HT1080 cells were treated with 0.05 |xg/mL Demecolcine 
(Sigma) for 1 h, harvested by trypsinization, swollen in 0.056 
M KCl, and resuspended in fixative (methanohacetic acid = 3:1) 
for metaphase spread on glass slides. Following denaturation for 
3 min at 80°C, hybridization was performed for 3 h at 25°C in 
70% formamide, 0.5% blocking reagent (Roche), 200 |xM Cy3- 
00-(CCCTAA) 4 PNA probe (Eurogentec), and 10 mM Tris-HCl 
(pH 7.4). Slides were washed first with 10 mM Tris-HCl (pH 7.4) 
and 70% formamide and subsequently with 0.1 M Tris-HCl (pH 
7.4), 0.15 M NaCl, and 0.08% Tween-20. DNA was counter- 
stained with DAPI, and slides were mounted in ProLong Gold 
(Invitrogen) anti-fade reagent. 
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